The effect of different artificial redox mediators on the anaerobic reduction of azo dyes by Sphingomonas sp. strain BN6 or activated sludge was investigated. Reduction rates were greatly enhanced in the presence of sulfonated anthraquinones. For strain BN6, the presence of both cytoplasmic and membrane-bound azo reductase activities was shown.
Various bacterial strains reduce azo dyes under anaerobic conditions. The most generally accepted hypothesis for this phenomenon is that many bacterial cells possess a rather unspecific cytoplasmic azo reductase which transfers electrons under anaerobic conditions via (soluble) flavins to the azo dyes (7, 12, 30, 32) . Recently, it was shown that the naphthalenesulfonate-degrading Sphingomonas sp. strain BN6 converted 2-naphthalenesulfonate to some kind of redox mediator (19) . It was suggested that these redox mediators enabled the strain under anaerobic conditions to transfer redox equivalents to the azo dyes. In the present study, the location of the enzyme system which is responsible for the reduction of azo dyes by whole cells was determined. The effect of artificial redox mediators on the anaerobic reduction of azo dyes by whole cells from different bacterial strains was also studied.
Bacterial strains and media. The isolation and characterization of Sphingomonas sp. strain BN6 (DSM 6383) and the composition of the minimal media have been described before (15, 27) .
Reduction of amaranth by resting cells. Strain BN6 was grown in a mineral medium with glucose (10 mM). Cells were harvested by centrifugation and resuspended in 50 mM Na-Kphosphate (pH 7.4) buffer to an optical density at 546 nm of 11. This corresponded to a protein concentration of approximately 1.1 g/liter. The reaction mixture contained, in a final volume of 7.2 ml, 80 mol of glucose, 400 mol of Na-K-phosphate buffer (pH 7.4), and different concentrations of the redox mediators. This cell suspension was transferred to a rubber-stoppered serum bottle (30 ml). Oxygen was removed from the medium by at least 15 2-min cycles of evacuation and flushing with nitrogen gas. The reaction was started by the injection of 0.8 ml from an anaerobic stock solution of amaranth (5 or 10 mM). The reduction of the azo dye was determined spectrophotometrically at a of 520 nm.
Experiments with activated sludge. The activated sludge was obtained from the aerobic part of the sewage treatment plant of the University of Stuttgart (Büsnau). Particulate material was collected by centrifugation (8,500 ϫ g, 30 min), resuspended in Na-K-phosphate buffer (50 mM; pH 7.4), and passed through a sieve with a mesh size of 1.0 mm to eliminate larger particles. The reaction mixture was composed as described above and contained 8.4 mg of protein ml Ϫ1 . Experiments with cell extracts. Cell extracts were prepared by passing 40 ml of a suspension of whole cells (protein content, about 20 mg/liter) through a French press as described previously (22) . The azo reductase activity was determined anaerobically in cuvettes which were flushed before the assay with nitrogen gas. For the standard assay, 560 l of an anaerobic stock solution that contained 40 mol of Tris-HCl buffer (pH 7.8), 48 nmol of amaranth, and 1.25 mol of 2-anthraquinonesulfonate (AQS) were transferred to a rubber-stoppered cuvette. The cell extract or solubilized cell membranes were added (160 l, about 100 to 200 g of protein), and the reaction mixture was flushed again with nitrogen gas for 10 min. Finally, the reaction was started by the addition of 0.64 mol of NADH from an oxygen-free stock solution. The decrease of absorption at a of 520 nm was measured spectrophotometrically. Reaction rates were calculated by use of an extinction coefficient of 27 mM Ϫ1 cm Ϫ1 . Preparation of cell membranes. The cell membranes were isolated by passing about 40 ml of a suspension of whole cells (optical density at 546 nm, about 200) through a French press and three subsequent centrifugation steps at 100,000 ϫ g for 35 min (18, 22) . The transparent pellet was resuspended in a volume of about 1 ml in Tris-HCl buffer (50 mM; pH 7.8). For the standard assay of the membrane-bound azo reductase, 300 l of this preparation was incubated for 5 min with 285 l of Tris-HCl buffer (50 mM; pH 7.8) and 15 to 75 l of a solution of Triton X-100 (20%, vol/vol). Finally, 160 l of this mixture was used for the azo dye reduction as described above.
Determination of protein content. The protein content of cell extracts was determined by the method of Bradford (3) with bovine serum albumin as the standard. The protein contents of whole cells and cell membranes were determined by the Bio-Rad protein assay. The protein content of the activated sludge was determined by a modification of the biuret assay (33) . RP18 and equipped with a guard column (Merck, Darmstadt, Germany), was used as the stationary phase. The separated compounds were detected at 210 nm or the wavelength of maximal absorbance of the azo dyes. For the simultaneous analysis of the azo dyes and their respective reduction products, the solvent systems consisted of water, methanol, and an ion-pair reagent (5 mM tetrabutylammonium sulfate; Fluka). Solvent gradients with increasing concentrations of methanol (40 to 90%, vol/vol) were used.
Reduction of amaranth by whole cells of strain BN6 in the presence of different concentrations of AQS. It was previously suggested that the presence of redox mediators could enhance the rate of bacterial azo dye reduction of intestinal bacteria under anaerobic conditions (4, 20) . Therefore, whole cells of strain BN6 were incubated under anaerobic conditions with the sulfonated azo dye amaranth in the presence of AQS, a well-known redox mediator (10). Thus, it was found that the addition of AQS significantly increased the rate of decolorization of the azo dye (Fig. 1A) . The rate of azo dye decolorization was dependent on the concentration of the mediator added. At a concentration of AQS above about 0.6 mM, however, no significant further increase of reduction rates was observed.
Reduction of amaranth by sewage sludge in the presence of different concentrations of AQS. In the mitochondrial system, it has been shown that the reduction of soluble quinones is catalyzed by the membrane-bound respiratory NADH:ubiquinone reductase (2, 6) . Because of the ubiquity of the isofunctional system in (aerobic) bacteria, whether the addition of AQS also enabled an unadapted sewage sludge to reduce sulfonated azo dyes was determined. Thus, it was found that the addition of AQS resulted in a rapid decolorization of amaranth by the activated sludge. This effect was dependent on the concentration of the mediator added (Fig. 1B) .
Comparison of the effect of different redox mediators on the reduction of amaranth. Whole cells of strain BN6 were incubated under anaerobic conditions with different quinones. Thus, it was observed that not only the man-made sulfonated anthraquinones but also the naturally occurring 2-hydroxy-1,4-naphthoquinone significantly increased the rate of amaranth degradation ( Table 1) . The addition of 100 M quinones resulted in the complete conversion of more than 1 mM azo dye. This indicated that the quinones did indeed function as mediators for the transfer of reducing power to the azo dye. The comparison of the reduction rates of amaranth in the presence of different quinones, viologens, or flavin adenine dinucleotide (FAD) demonstrated that the highest reduction rates were found with AQS. Recently, it was shown that humic acids act as extracellular redox mediators in the dissimilatory reduction of ferric iron (24) . However, no effect of humic acids (2 mg/ml) on the reduction of azo dyes in our system was found.
Demonstration of two different azoreductase activities in strain BN6. Previously, a soluble FAD-dependent azo reductase was found in cell extracts of strain BN6 (15) . The experiments described above were performed with whole cells. Highly polar compounds such as AQS should not penetrate the cell membrane. Therefore, it was probable that the azo reductase activity found with whole cells was present in the cell membranes. Furthermore, externally added FAD had almost no effect on the reaction with whole cells (Table 1) , whereas the azo reductase activity of crude extracts was greatly enhanced by the addition of FAD (15) . It was therefore tested whether the azo reductase activity which is mediated by the redox compounds studied here was different from the soluble azo reductase described previously. Cells of strain BN6 were separated into a membrane fraction and cell extract. An azo reductase activity was found in the membrane fraction. This The cells of strain BN6 were grown aerobically with glucose (10 mM). At the end of the exponential growth phase, cells were harvested by centrifugation and resuspended (protein content, 1.14 g/liter) anaerobically in Na-K-phosphate buffer (pH 7.4; 50 mM). The preparation of the sludge sample is described in Materials and Methods. The assays contained amaranth (0.5 mM), glucose (10 mM), and different concentrations of the redox mediator. The decolorization of the azo dye was determined spectrophotometrically at a of 520 nm. a The oxygen-free reaction mixtures contained, in a total volume of 8 ml, 50 mM Na-K-phosphate buffer, 10 mM glucose, 0.5 mM amaranth, and resting cells of strain BN6. After different time intervals, aliquots were removed and the remaining concentration of amaranth was determined spectrophotometrically. The redox mediators were added in concentrations of 100 M each. The E 0 Ј values were taken from Fultz and Durst (10) . activity was significantly increased after the addition of Triton X-100 (Table 2 ). In contrast, no effect of Triton X-100 was found in the soluble fraction. By using different potential inhibitors, it was demonstrated that diphenyleneiodonium and rotenone, which are known inhibitors of the mitochondrial NADH:ubiquinone oxidoreductase (13, 25, 34) , were only weak inhibitors of both the membrane-bound and the cytoplasmic azo reductases. The thiol-specific inhibitor p-hydroxymercuribenzenesulfonate almost completely inactivated the membrane-bound azo reductase. In contrast, this compound had almost no effect on the cytoplasmic azo reductase (Table 2) . Thus, the membrane-bound and the cytoplasmic azo reductases are probably two different enzyme systems.
Reduction of different azo dyes and identification of the corresponding amines as reduction products. Cells of strain BN6 were incubated anaerobically with AQS and different azo dyes, and the supernatants were analyzed by HPLC. Thus, it was found that the addition of the mediator led to a significant increase in the reduction rates of all dyes (Table 3) . Stoichiometric amounts of at least one of the corresponding amines were found with naphthol blue black and acid red 1 (aniline), sunset yellow (4-aminobenzenesulfonate), and amaranth (4-aminonaphthalene-1-sulfonate).
Various eukaryotic and prokaryotic biological systems are able to reduce the azo bond under anaerobic conditions (1, 5, 36) . In eukaryotes, the azo reductase activity in the liver was found to be catalyzed predominantly by NADPH-and NADHdependent components of the microsomal monooxygenase system (9, 16, 17, 28) . The bacterial azo reductase activity has been generally related to soluble cytoplasmatic enzymes. This was based mainly on the observations that (i) cell extracts of various bacteria show azo reductase activity and (ii) cell extracts show higher azo reductase activity than intact cells do. For the highly polar sulfonated azo dyes, it was therefore generally assumed that the reduction of the dyes was limited by the permeation of the dyes through the cell membrane. This hypothesis was supported by the observation that lysis of cells by aging or the addition of membrane-active compounds such as toluene resulted in an increased rate of azo dye reduction (26, 30) . For the actual reduction of the dyes in the cytoplasm of the cells, the existence of an unspecific process has been repeatedly proposed. The reduction was assumed to be catalyzed by soluble or enzyme-bound flavines (7, 12, 30, 32) . Recently, different bacterial strains which seem to excrete a flavin-dependent extracellular azo reductase were isolated from the human intestine (29) .
The results obtained during the present study suggest a different mechanism for the reduction of azo dyes. Obviously, different redox mediators can transfer reduction equivalents from the periplasmically orientated parts of the respiratory chain to the azo dyes. This mechanism does not require the penetration of the azo dyes through the cell membranes and therefore explains the ability of bacteria to reduce highly polar sulfonated azo dyes or polymeric azo dyes. Because various quinoid structures are found among naturally occurring products, it seems probable that a redox mediator-catalyzed process is also (at least partially) responsible for the reduction of azo compounds in the intestine and other anaerobic environments (11, 20, 31, 36) .
The following various lines of evidence suggest that in the aerobic bacteria studied here, the NADH:ubiquinone oxidoreductase of the respiratory chain is responsible for the reduction of azo dyes by the cell membranes and intact cells. (i) The redox potentials (E 0 Ј) of AQS (Ϫ225 mV) (10) , amaranth (about Ϫ250 mV), and different parts of mammalian or fungal mitochondrial NADH:ubiquinone oxidoreductase (Ϫ330 to Ϫ50 mV) (38) are within the same range. (ii) This part of the respiratory chain should be ubiquitous among aerobic bacteria. (iii) It has been shown that the isolated mitochondrial NADH: ubiquinone reductase (complex I) reduced soluble quinones (2, 6 ).
An interesting parallel to the mediator-catalyzed reduction of highly polar (and presumably polymeric) azo compounds under anaerobic conditions is found with the aerobic degradation of highly polymeric (lignin-like) material. It was recently proposed that the action of lignin peroxidase and laccase is at least partly due to mediators such as veratryl alcohol, manganese ions, and 3-hydroxyanthranilate (8, 14, 35) . Triton X-100 (0.01%) ϩ phydroxymercuribenzoate (10 M)
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a The assays were performed under anaerobic conditions. The enzyme activities were determined spectrophotometrically. ), glucose (10 mM), AQS (0.3 mM or 0.6 mM), Na-K-phosphate buffer (pH 7.4; 50 mM), and the respective dyes (1 mM each). Within a period of 10 h, no azo reduction was measured in control assays without the mediator.
